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ABSTRACT

Observed seasonal and interannual variations in the surface elevation over the summit of

the Greenland ice sheet are modeled using a new temperature-dependent formulation of

firn-densification and observed accumulation variations. The observed elevation

variations are derived from ERS- 1 and ERS-2 radar altimeter data for the period between

April 1992 and April 1999. A multivariate linear/sine function is fitted to an elevation

time series constructed from elevation differences measured by radar altimetry at orbital-

crossovers. The amplitude of the seasonal elevation cycle is 0.25 m peak-to-peak, with a

maximum in winter and a minimum in summer. Inter-annually, the elevation decreases

to a minimum in 1995, followed by an increase to 1999, with an overall average increase

of 4.2 cm a-j for 1992 to 1999. Our densification formulation uses an initial field-density

profile, the AWS surface temperature record, and a temperature-dependent constitutive

relation for the densification that is based on laboratory measurements of crystal growth

rates. The rate constant and the activation energy commonly used in the Arrhenius-type

constitutive relation for fim densification are also temperature dependent, giving a

stronger temperature and seasonal amplitudes about 10 times greater than previous

densification formulations. Summer temperatures are most important, because of the



strong non-linear dependence on temperature. Much of firn densification and consequent

surface lowering occurs within about three months of the summer season, followed by a

surface build-up from snow accumulation until spring. Modeled interannual changes of

the surface elevation, using the AWS measurements of surface temperature and

accumulation and results of atmospheric modeling of precipitation variations, are in good

agreement with the altimeter observations. In the model, the surface elevation decreases

about 20 cm over the seven years due to more compaction driven by increasing summer

temperatures. The minimum elevation in 1995 is driven mainly by a temporary

accumulation decrease and secondarily by warmer temperatures. However, the overall

elevation increase over the seven years is dominated by the accumulation increase in the

later years.

INTRODUCTION

Glaciers and ice sheets continuously adjust their dimensions in response to current and

past climatic change. Long term (>103 yr) changes of the surface elevation are primarily

due to changes in ice dynamics reflecting past mass balance states of the ice sheet. Short

term (decadal) or seasonal changes are caused by interannual or seasonal variations of

weather conditions such as snow accumulation and surface air temperature (e.g.

Braithwaite and others, 1994). Changes in surface elevation of polar ice sheets are of

great importance to mass balance studies since changes in ice volume may be determined

from changes in ice thickness obtained from surveys of changes in surface elevation by

satellite altimetry (e.g. Davis et al, 1998; Zwally and Brenner, 2001, Shepherd et al,

2001, and Zwally et al, submitted). Surface elevation changes are equivalent to ice

thickness changes minus the vertical motion of the bedrock, which is generally smaller

and can be separately estimated. However, short-term changes caused by variations in

rates of near-surface firn compaction must also be accounted for (Arthem and Wingham,

1998).



In dry-snowzones,seasonalandinterannualchangesin surfaceelevationmaybecaused

by variationsin theratesof accumulationandfire densification.Therateof densification

isalsobeaffectedby surfacetemperatureandrateof accumulation.Field observationsin

westGreenlandshowthatvariationsof near-surfacefire densitycancauseannualsurface

elevationchangesof theorderof + 0.1-0.2 m (Braithwaite and others 1994). McConnell

and others (2000) have recently modeled accumulation rates based on data from 11 ice

cores located near the 2000-m contour of the Greenland ice sheet. They suggest that the

ice sheet elevation varies by tens of centimeters from year to year simply because of

changing snow accumulation.

Ice sheet surface elevations derived from satellite radar altimetry have exhibited seasonal

variations (Zwally and others, 1989 and Yi and others, 1997), but their specific cause in

dry snow zones has been uncertain (Yi and others, 1997). In percolation areas of

Greenland, an observed seasonal cycle with a maximum in mid-April just before the melt

season and a minimum in mid-October is consistent with a lowering caused by summer

melting and firn compaction (Zwally and Brenner, 2001). Also, the observed elevations

in the ablation zones show similar summer minimum that can be associated with summer

melting. However, in the dry snow zones an observed amplitude of several tens of

centimeters, with a minimum typically occurring in summer, is generally larger than

expected from seasonal variations in snowfall alone. Other potential causes for seasonal

variations in Geosat altimetry data discussed by Yi and others, 1997 include unresolved

satellite orbit errors, variations in the subsurface versus surface radar backscatter, and

variations in fim densification. However, examination of ERS orbit quality over oceans

eliminates orbit errors as a cause. Also, the observed seasonal cycle with a winter

maximum are not explained by seasonal variations in the effective radar-backscatter

depth. If anything, fresher fine-grained winter snow might have more radar penetration

and cause detection of a lower surface, giving a winter minimum in contradiction to the

observations. Furthermore, calculations of a seasonal cycle in tim compaction using a

densification model and similar to Herron and Langway or Arthem and Wingham (1998)

give small seasonal amplitudes of only a few centimeters (M. Spencer and R. Alley, Pers.

Com.).



The temperaturedependenceof densificationratefrom theconstitutiverelationusedin

previousmodelsis basedon theArrheniusequation,with anexponentialfunctionof both

activationenergyandtemperature,andamultiplicative(rate-constant)thatis either

independentof or weaklydependenton temperature.AlthoughtheArrhenius

formulationis widely usedto describevariousprocessesin snowandice, including

deformation(Paterson,1994)andgraingrowth(e.g.Gow, 1969),different valuesof the

activation-energy"constant"aretypicallyusedfor differentprocessesor for different

regimesof thesameprocess. Forexample,HerronandLangway(1980)useddifferent

rateconstantsandactivationenergiesfor densitylessthanor greaterthan0.55in their

densificationmodel. ArthernandWingham,1998useddifferentformulationsand

constantsatdifferentdepthsin their densificationmodelto describethedominate

deformationprocessessuchasgrain-boundarysliding(e.g. Alley, 1987)or dislocation

creep(WilkensonandAshby,1975). Therelevantparametersweredeterminedby

fitting field-densityprofilesassumingconstantaccumulationrateandtemperatureunder

steadystateassumption(HerronandLangwayI980; Alley 1987).However,this is not

thecasein practice.Snowprecipitationvariesin timeandtemperaturesin upperfirn

layersvary greatlyduringtheyearcausinglargevariationsof snowdensityasobserved

in field measurements(e.g.Koerner,1971,Gow 1968,Qin andothers1988,Hartand

Yang 1988,Alley 1987,Gerlandandothers1999).

In our model,we takeintoaccounttheseasonalcycleof temperaturein theupperfirn

layers,which is importantfirstly becauseof thenon-lineardependenceof temperature

evenin thestandardArrhenius-typeformulation. More importantly,however,weusea

temperature-dependentactivationenergyandatemperature-dependentrateconstant

basedon thecrystalgrowthstudiesof JackaandLi (1994). Usingthedetailedrecordsof

accumulationandtemperaturefrom AWSfor thesummitin Greenland,andatmospheric

modelresultsonprecipitationvariations(Bromwichet al, in press),wemodelthe

densificationratesin top 15m of firn andobtainelevationchangesfor comparisonwith

thesatellitealtimetermeasurements.Our referencelocationfor this studyis 72° 34' N,

38° 27' W, which is theapproximatelocationof GISP2andtheAWS about25km west

4



of theactualelevationsummit. Theradaraltimetermeasurementsareaveragedof area

of 200km diameteraroundthispoint.

SURFACE CONDITIONS

A continuous surface air temperature record for the Greenland summit region from 1987

-1999 has been constructed by Shuman and others (1999). His record is a composite of

data from three automatic weather stations (AWS) since 1995 and satellite passive

microwave data from the same locations. The surface air temperatures over the period of

April 1992 to April 1999 (Figure 1) show an average seasonal of about 38 °C (mean

amplitude) with a mean temperature of about -30 °C. Both mean summer (June to

August) and mean annual temperatures show a general increasing trend and an

interannual variability about 5 °C with a minimum in 1992 and maximum in 1995.

Snow accumulation data has been collected from AWS for the summit of Greenland

between May 1995 and August 1998 using the sonic technique (Steffen and others 1999).

This technique measures the distance between the snow surface and a sonic sensor

mounted on the AWS tower. Decreases in distance are caused mainly by snow

accumulation (snow fall and drift) and increases in distance by evaporation and wind

erosion. The regression line through the measured distance versus time gives a surface

rise of 0.625 m a-I, which must be multiplied by the near-surface firn density to get

accumulation rate. Integrating the firn density profile to a depth of the firn added in one

year (.625 m) gives an average firn density of 0.400, compared to a surface density of

0.332, and an annual accumulation rate of 250 kg m -2. The density estimate attempts to

account for the effect of new-snow compaction for an AWS pole tower inserted a few

meters in the firn. The accumulation rate obtained is slightly higher in comparison with

220 kg m z al from Ohmura and Reeh, (1991). The derived accumulation rate from

AWS in Figure 1 shows two sudden increases of snow surface height in July 1995 and

July 1997 caused by large snow storms. The surface increases are approximate 0.4 and

0.2 m respectively.
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By using the improved dynamic atmosphere model, Bromwich and others (in press)

recently re-evaluated the precipitation-evaporation (P-E) distribution and its interannual

changes over the period of 1985-1999 for the Greenland ice sheet. A pronounced

downward trend in annual precipitation from 1985-1995 followed by a marked increase

from 1995-1999 was found. However, for the same period their modeling results for

Summit of Greenland seem 50% less in comparison with AWS measurements from the

field. This may indicate that a scaling factor should be used in the model to allow such

comparison between the measured accumulation and model-retrieved precipitation.

Similar to the treatment (departure from mean divided by mean) from Bromwich and

others (submitted) we normalize their modeled snow precipitation for the summit of

Greenland by using the mean accumulation rate (250 kg m -2 a-l) derived from AWS

measurements over the period between April 1992 and April t999 as shown in Figure 1.

Interestingly, the modeled precipitation also shows peaks in the summers of 1995 an

1997 corresponding to the storms observed in the AWS data, albeit with smaller

amplitude.

The summit region of Greenland ice sheet is in the dry snow zone due to its negligible

summer melting (Benson 1962). The density profile Gow (1997) for the summit region

shows a firn-ice transition depth around 75-77 m where the firn density reaches

approximate 830 kg m -t. During May 1987, a number of shallow cores (to

approximately 17 m depth) were recovered over a 150 x 150 km survey grid in Central

Greenland. Detailed density measurements were made in depth intervals less than 0.1 m

(Bolzan and Strobel, t994). The regression line through the data from 8 cores gives a

surface snow density of 332 kg m -3, increasing to 550 kg m -3 by 15 m depth.

SURFACE H(t) FROM RADAR ALTIMETRY DATA

The observed elevation variations are derived from ERS- 1 and ERS-2 radar altimeter data

for the period between April 1992 and April 1999. Elevation changes are derived from

surface elevation differences, dHzl = H2 - HI, measured at crossover locations where sub-
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satellitepathsintersectat successivetimest2andh. Setsof N valuesof (dH21)i are

averaged over selected areas to reduce the error of the mean. Time-series of surface

elevations, H(t), having sufficient resolution to show seasonal changes are created by the

sequence of average crossover differences between the first 90-day interval and each of

the successive 90-day intervals, combined with the sequence from the second interval

crossed with each successive interval, and so forth for the sequences for the third and

greater intervals (Zwally and Brenner, 2001). Typically, crossovers within a 100 km

radius and + 250 m elevation of the central point are included. The data are also

corrected for an unexpected inter-satellite bias that was determined by Brenner and others

(2000) from analysis of crossover differences acquired during the 12 months of

overlapping operation of ERS- I and ERS-2. At Summit, the bias lowers ERS-2

elevations by 10.6 cm relative to ERS-1. A multivariate linear/sine function is then fitted

to the H(t) series giving a linear trend, amplitude of the seasonal cycle in the data, and its

phase.

The H(t) elevation series for the Summit vicinity for the period April 1992 to April 1999

is shown in Figure 1 with the fitted linear trend and seasonal cycle. The regression line

shows that the winter snow surface is higher than summer with an average amplitude of

0.25 m peak to peak and a minimum in mid-July. The average increase of the surface

height is 4.2 cm a_ during this period. Note that a significant (- 0.5m) downward trend

in the surface elevation occurs between 1992 and 1995, followed by the pronounced

increase from 1995 to t999.

SURFACE-ELEVATION MODEL

Regime of surface elevation change

The elevation change of the ice sheet snow surface is the consequence of a combination

of several vertical velocities components illustrated in Figure 2. Snow accumulation

increases the surface height at the rate A(t)/90, while firn compaction, ice flow and

surface ablation generate velocities that reduce the surface height, according to



dH(t)/dt =A(t)/po-Vfc(t)-Vjc -B(t) (1)

where dH(t)/dt is the change in snow surface elevation (H), A(t) is the accumulation

rate, and 190 is firn density at the surface (300 kg m-3). Vfc (t), Vice, and B(t) are the

vertical velocity of the surface due to firn compaction, ice flow and surface ablation

respectively. All components in equation (1) are usually a function of time (t), but Vice

changes on time scales much longer than the seasonal changes of the other

components. At steady state, Vice -- A/19i, where <A> is annual mean accumulation

rate (independent of time), where 19i is the density of solid ice (917 kg m-3). Since the

Summit of Greenland is in the dry snow zone, B(t) is neglected in the present analysis.

The variations of the surface height with time, H(t), on seasonal to interannual time scales

are thus determined by the rates of snow accumulation and densification.

A multi-layer system

The densification rate at a depth in dry snow zone is determined by the overlying

pressure, firn temperature, and highly dependent on firn density (cf. Shapior 1997, Bader

1962). Therefore, the present surface height change due to firn densification also relies

on the densification history by way of the existing firn density profile. To assess such

change for the Summit of Greenland, a multi-layer numerical model is developed. We

consider that the total surface height change results from two parts of firn densification:

existing firn below the initial surface (at a date considered) and the subsequently

precipitated snow (additional accumulation). To calculate the initial surface change with

time, we use field density profile (Bolzan and Strobel, 1994) from 0 - 15 m and divide it

into multi-layers with initial thickness 0.1 m. Therefore, near the surface each layer in

the model corresponds to about 1/7 of the annual deposition. Assuming the density

within each layer is reasonably uniform, the change (vii) of the layer thickness (hi j)

caused by the density change at a given depth i and time j (for one time step) is given by

Vij = hij/Pij (dp/dt)ij (2)



We consider densification in the firn layer between 0- 15 m as the seasonal variation part,

because of seasonal variations of firn temperature in this depth range, and below 15 m as

the non-seasonal variation part. Under the steady state assumption, the mass flux through

any firn depth per year equals the annual accumulation rate. The total vertical velocity

Vfc due to any firn densification below depth Z can be determined by

V,c (z) = (pi/p(z)-I)Vice (3)

Equation (3) is used to estimate the total vertical velocity due to firn compaction below

15m.

The vertical velocity from additional accumulation is initially upward by A(t)/p0 for the

precipitation on a individual day, followed by a decrease on subsequent days as the new

precipitation compresses. The vertical velocity due to the densification of the additional

snow accumulation (V_fc) is also computed from equation (2). In this case, hij is the

thickness of the amount of the snow precipitated at each unit of time (t) in days, and one

model layer is assigned for each day. The total amount of the surface height change per

day can therefore be estimated by

t N

AH(t)_ A(t) ZV,y__ZVfc(z)_Vf,.(z,) (A) (4)

At Po ,=] .=1 Pi

where <A> is the annual mean accumulation rate, N is the number of the divided layers

for the firn below the initial surface. Zl is the depth at the layer N, which is initially 15 m

and then moves downward with time.

Calculation of densification rate
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Crucialto all analysisis thedensificationlawfor firn, thatisaconstitutiveequationthat

governstherelationbetweendensificationrate(dp/dt)andphysicalvariablessuchas

temperatureandthestress.Basedon theassumptionthatin thedensificationof firn the

proportionalchangein air gapis proportionalto thechangein stressdueto theweightof

overlyingsnow(Schytt 1958),HerronandLangway(1980)derivedanempiricalequation

as;

dp/dt = K A '_ ( p_- p) (5)

where k is a rate constant solely dependent on temperature, A is the mean accumulation

rate and exponent _ is a constant dependent on the densification mechanisms. The

temperature dependence of k follows Arrhenius type relation (Equation 6). Using data

collected from 17 sites in Greenland and Antarctica the value of O_was found

approximately equals 1 for density less than 0.55. By cons!dering the process of grain-

boundary sliding, Alley (1987) arrived at an essentially similar relation for the firn deeper

than 2 m, which has minimal disturbance from surface weather conditions. However for

near surface snow, equation (5) seems to fit field data more closely and also has the

advantage of simplicity. In this analysis, we apply equation (5) to each layer of firn to

derive the change of the density, and therefore the thickness of the layer, driven by

accumulation rate and firn temperature.

Activation energy

Similar to ice creep and grain growth the temperature dependence of densification rate

also follows Arrhenius relation shown by

K(T) = Ko(T)exp(-E(T)/RT) (6)

In equation (6), both K0 and activation energy E have usually been taken to be constants

independent of temperature. However, for the snow with different densities, Bader
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(1962)foundE variesfrom 41.8 to 100.4kJmolq HerronandLangway(1980)

empiricallyderivedaveragevaluesof E from 10.16to 21.4 kJ tool -t for the densities

below and above 550 kg m -3 . Alley (1987) obtained 41 kJ moI -I from his modeled

density profiles for four sites in Antarctica, which is rather close to the value often used

for grain growth (42 kJ too] "l, Paterson 1994). However, previous studies on ice creep

and grain growth (e.g. Barnes and others 1971, Budd and Jacka 1989) suggested that

activation energy actually is a function of temperature. Based on grain growth and ice

creep rates data, Jacka and Li (1994) examined activation energies for grain growth and

ice creep by applying Equation (6) to each small increment of the temperature. They

found that E increased significantly with temperature, especially at temperatures above -

l0 °C (Figure 3a). The values of E for grain growth and ice creep were similar.

In Equation (6), increasing values of E with increasing temperature will reduce the value

of the rate K with temperature, if K0 is taken to be a constant. However, this is in marked

contradiction to the measurements of K(T) that show a strong increase in K with

temperature (Jacka and Li, 1994). For K to increase with increasing temperature, the

factor K0 in Eq. 6 must also be strongly temperature dependent. Using the rate data given

by Jacka and Li (1994, Table 2), we derived the Ko (T) shown in Figure 3b from the

measured K(T) for grain growth. Therefore, knowing the dependence of both K0 and E

on temperature, K(T) can be calculated according Equation (6). An alternative and

equivalent formulation of K(T), following the procedures used by Jacka and Li (1994) to

obtain E(T), is given by

K(r)=coexp I E(_-)d_

l /T O

(7)

where Co is a constant equal to the value of K at temperature To. This formulation

implicitly contains the same temperature dependence shown by E(T) and K0 (T) in Eq. 6.

We use Eq. 7 in our densification model and a best fit curve through the data of activation

energy given by Jacka and Li (1994) in Figure 3a. For the value of Co, we use 0.025 and

ll



To = -30°Cthat givesK = 0.025at T = -30 °C (annual mean temperature for the summit),

which is a value of K that is between the value of 0.072 for densities < 0.55 and the value

of 0.014 for densities > 0.55 obtained at -30 ° C by Herron and Langway (1980, Eqs.

6a,b). This choice of c0 also gives a modeled amplitude of 20 cm peak-to-peak for the

seasonal variation of surface height, which is close to the mean amplitude shown in the

radar altimetry measurements. Although we exercise some selectivity in our choice of Co

to match the observed seasonal amplitudes, it should be emphasized that without the

strong temperature dependence in our formulation (i.e. with only exp (E/T) dependence)

the modeled seasonal amplitude would only be millimeters to centimeters.

FIRN TEMPERATURE CALCULATION

Wang et al (in prep.) have analyzed firn and ice temperature evolution driven by surface

air temperature between 1982-1999 for the summit of Greenland. The temperature

analysis follows the standard one dimensional time-dependent heat-transfer equation

(Paterson 1994) written by

_T +(dK w)_T+
P c-_ = K VzT _,--dTz-pc )-_Tz f

(8)

where p is firn density, e is heat capacity, Kis thermal conductivity, T is temperature, w

is vertical velocity and f is internal heating. For this study, w is computed based on the

constant accumulation rate (250 kg m -2 a1) and f is neglected. Figure 4a presents

computed firn temperature variations at several selected depths over the period April

1992 -April 1999. We use the results of this analysis for the firn temperatures in the top

15 m. Below 15 m, vertical velocity due to firn densification is calculated based on

Equation (3) under the steady-state assumption, and is therefore independent of

temperature. The temperature analysis shows that beside the seasonal cycles of firn

temperature, significant interannual variations of mean summer (June to August)

temperatures occur at various depths. The interannual variability of summer
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temperatureisgreaterthan5° C at the surface, diminishing to about 1° C at 10-15 m, as

shown in Figure 4b. The trend in surface summer temperature is positive at 0.3 ° C a -_,

and the trend in mean annual temperature for this period is also positive at 0.4 ° C a_,

RESULTS AND DISCUSSION

Seasonal elevation variations for steady state conditions

Figure 5a and b show the modeled seasonal change of the surface elevation densification

model, when driven by a steady-state surface air temperature with an annual cycle of

amplitude 19 ° C and annual mean of -30 ° C and a constant accumulation rate of 250 kg

m -2 a -I. Also, shown in Figure 5a is the initial surface as it is buried with additional

accumulation of snow. The corresponding density variations with depth are shown in

Figure 5c. The mean amplitude of the surface height change is 20 cm with the minima

occurring in August. Much of firn densification and consequent surface lowering occurs

within about two to three months of the late-spring to early-summer season when the

upper firn is warmest. The period of maximum firn compaction is followed by a build-

up of the surface by snow accumulation during the rest of the year, and the period of

buildup is somewhat longer than the period of surface lowering when the compaction is

more dominant than accumulation. The enhanced firn compaction driven by summers

temperature is most striking in the near surface firn within 1 m, and quickly diminishes

with increasing depth as indicated by the initial surface curve in Figure 5a. The

seasonality of the compaction rate is reflected in the seasonal variations in the density

profile (Figure 5c). The magnitude of the density variations reduces with increasing

depth. A similar seasonal density cycle has been observed in high-resolution density

measurements made on firn/ice cores in Antarctic (Gerland and others, 1999), and may

be reflected in the typically wide scatter of densities in other less detailed density profiles

as noted in the introduction.

Interannual elevation variations
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Usingsurfaceair temperatureandaccumulationratedatashownin Figure la,b asmodel

input,wehaveexaminedthesurfaceelevationchangedueto firn compactionbetween

April 1992andApril 1999asshownbyFigure6. As shownin Figure 1for accumulation

andFigure2 for temperature,bothof theseinputdatasetsthatdrivethemodelhave

significantinterannualvariations.For comparison,theelevationchangefrom radar

altimetrymeasurements(overlainin Figure6)closelyfollows themodeledelevation,

althoughtheobservationsshowsseverallargerspikes.Bothcurvesclearlyindicatethat

snowsurfaceelevationat Summitof Greenlanddecreasedabout0.5m between1992and

1995followed bya markedincrease(0.8m) with largerannualvariations.Alongwith

thesegeneraltrends,bothcurvesalsoshowsignificantseasonalpeaks,causedby

seasonalcyclesof thesurfacetemperaturein themodel.

To separatetheeffectsof temperatureandaccumulationvariationsthatareinputto the

model,wecomputetheelevationchangewith theobservedtemperaturevariationsand

fixed accumulationrate(curvea)andwith thevariableaccumulationrateandfixed

seasonaltemperaturecyclewithoutout interannualvariations(curveb), asshownin

(Figure7). Again,curvea showstheseasonalcyclein surfaceelevationwith thesharp

loweringduringlatespringto earlysummer. However,it alsoshowsaninterannual

variability in boththeseasonalamplitude(e.g.largeduringthewarmersummerof 1995

shownin Figure4b andsmallduringthecoldersummerof 1996)andthegeneral

decreasein elevationdueincreasingtrendin temperaturesduringthisperiod,particularly

in summer.About0.2 m elevationdecreaseis in responseto theincreaseof thesummer

temperatureduringthis period.

Curveb in figure 7 showsthatvariationsof accumulationrateplaythedominantrole in

the interannualchangesof thesurfaceelevationoverthisperiod. Thesurfaceelevation

decreasesbetween1992and1995,followedby thesignificantincreasein responseto the

accumulationratechange.Althoughthedecreasefrom 1992to 1995isprimarily driven

by accumulation,thewarmersummertemperatureof 1995alsocontributesto the

minimumshownin boththemodelandthealtimeterobservations.Overthe7 yearsthe

effectof warmertemperatureslowersthesurfaceby about3 cm a-_,but theeffectof
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increasedprecipitationdominantsto bringtheoverallincreaseto 4.2cm a-Jasobtained

from themultivariatefit to thealtimeterdata. Supportinginformationfor thevariationin

accumulationratesis providedby theanalysisof shallowicecores,which showsan

anomalouslylow accumulationin 1995followedby markedincreasein 1996(Moseley-

Thompsonet al, in press).

CONCLUSIONS

The agreement between the modeled surface elevation, which is driven by observed

temperatures and modeled/observed accumulation variations, and the elevation time-

series derived from radar altimetry would seem to confirm the validity of the model and

the reality of the observed elevations. The model produces very well the essential

features of the altimeter observations, including a seasonal cycle and a marked decrease

to 1995 followed by a marked increase. Although interannual temperature variations

contribute to the decrease in 1995, the predominant effect is the interannual variation in

accumulation that is supported by independent evidence for ice cores. The observed

elevation trend for 1992-1999 is 4.2 cm al , which is slightly larger than the 3.6 _+2.1 cm

a-_ obtained by Hamilton and WhilIans (2000) by the GPS coffee-can method at the

GISP2 summit and larger than the - 3 _+4 cm al by Hvidberg and others (1997) nearer

the actual summit about 25 km to the east.

A principal new feature of the model is the stronger temperature dependence of the

constitutive relation governing firn densification. This stronger temperature dependence

is based on laboratory measurements of rates of grain growth and ice creep. We apply

the temperature dependence found in the laboratory measurements to the densification

process as well. Firn densification, grain growth, and ice creep are processes that have

been previously treated similarly with rates described by the Arrhenius equation.

A principal result of the elevation model is that most of the firn compaction in the upper

firn occurs in late spring and early summer when temperatures are warmest. This
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seasonalvariability in compactionrateissufficientto causeacyclein thedensityprofile

thatis graduallydampenedin amplitudeasthefirn continuesto compresswith depth.

Additionalconfirmationof thevalidity of themodelderivesfrom themodeledseasonal

cycle in densitywith depth,whichwaspreviouslyobservedin Antarcticcoresbut not

explained(Gerlandandothers,1999). Althoughthedensitydata(BolzanandStrobel,

1994)for thesummithavenotbeenanalyzedin detailfor aseasonaldensitydata,the

dataareconsistentwith ourmodelin thatthedensitiesappearscatteredwithin a density

bandabout0.08widenearthesurface(c.f.Fig. 5c),whichdecreasesin width with depth

andmaycontainaseasonalcycle. For example,theprofile from J.F.Bolzan(pers.com.,

1999andFig.4 in HamiltonandWhillans,2000)showsabout19alternatehigherand

lowerdensitiesbetween2 m and17m,which is consistentwith anannualcycleassuming

thataonly few cyclesaremissedbythesampling(_ 5 samplesperannuallayer).

At anytime,therateof densificationdependson thetemperatureandaccumulation

history,which wassimplified in ourpresentmodelby assumingthefirn wasin steady

stateandusinga measuredmeandensityprofile on theinitial day(4/14/1992).However,

longer-termtemperatureandprecipitationrecordscanbeusedto calculatean initial state

of temperatureanddensityprofile with seasonalvariations.Futureeffortsshouldalso

includelaboratorymeasurementsof thetemperaturedependenceof firn-densification

ratesto refinethecoefficientsusedin therateequation,directmeasurementsof

densificationratesversusdepthby automatedinstrumentationplacedin thefirn, and

extensionof theelevationmodelto firn percolationzonesandcold, low accumulation

regions.Finally, otherforcingssuchasdrift andwind compactionto thesnowmayneed

to beconsidered.Strongwind mayenhancesnowcompactionproducinghigherdensity

firn layers(Goodwin,1991),while in othercasesit alsobringsin largeamountsof low-

densitysnowfallin very shortperiodscausinglargerfluctuationsof surfaceheight. Some

of thedeparturesbetweenmodeledandobservedresultsshownin figure 5 maydueto

suchcauses.

Theeffectof interannualvariationsin densification(causedby changesin temperature,

density,andaccumulationrateat thesurface)on theuseof altimeterobservationsfor
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studiesof massbalancewasaddressedby(ArthernandWingham,1998;Wingham,

2001). While agreatersensitivityto temperaturewouldseemto complicatethe

interpretationof satellitealtimeterdata,it mayonly changetheresponsetimeto

variationsin accumulation.Sincetheresponsetime of thesurfaceelevationto

accumulationanomaliesis governedin effectby howfast theanomalymovesdownthe

densityprofile, onaveragethegreatersensitivityto temperatureshouldnotmakemuch

difference.However,accumulationanomaliesthatoccurduringthewarmerseasons

whennear-surfacedensificationis fastershouldpersistsfor ashortertime thananomalies

occurringduring thecolderseasons.In thefuture,wewill usesatelliteobservationsof

surfacetemperature(Comiso,2000),calibratedwith datafrom AWSstationson theice

sheets,to modeltheelevationchangesexpectedfrom temperaturevariations,sothat

elevationchangescausedbyprecipitationvariationsandiceflow canbeevaluated.
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FIGURECAPTIONS

Figure l. Variationsof surfaceair temperature,accumulationrateandsnowsurface

heightat Summitof Greenlandicesheetovertheperiodof April 1992- April

1999.Thetemperaturedatawerecompiledfrom AWS andpassivemicrowave

measurementsby Shumanandothers(1999). Accumulationratesarefrom

atmospheric(P-E)modelingresultsfrom Bromwich(in press)normalizedto the

meanaccumulationrateatsummit,andfrom AWS sonicmeasurementsof surface

heightby Steffenandothers(1999). Surfaceelevationtime seriesis derivedfrom

ERSI-2 satelliteradaraltimetermeasurementswith multivariatelinearand

seasonalsinusoidalfit.

Figure2. Thevelocitycomponentscontributingto surfaceelevationchangeat agiven

locationareaccumulation,ablation,firn compression,andtheverticalmotiondue

to ice flow.
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Figure3. Field andlaboratoryexperimentsof icedeformationandice-graingrowthshow

thatboth (a) activationenergy,E, and(b) therate"constant"K0arestrong

functionsof temperature.E(T) dataareobtainedfrom,andK(T) valuesare

derivedfrom, JackaandLi (1994).

Figure4a. Variationsof firn temperaturecalculatedat severaldepthsabove15m for the

summitof GreenlandregionduringApril, 1992-April,1999.

Figure4b. Interannualvariationsof summermeanfirn temperatures(Jun.-Aug.)at

severaldepthsabove15m in Summitof GreenlandregionduringApril, 1992-

April, 1999.Thetrendin surfacesummertemperatureis + 0.3° C a_, andthe

trendin meanannualtemperatureis + 0.4° C a-I.

Figure5. Modeledsteadystateseasonalvariationsof surfaceelevationfor Summitof

Greenland(a,b) togetherwith correspondingdensitychanges(c). Thevariations

aredrivenby surfaceair temperaturewith aregularannualcyclewith amplitude

19° andmean-30 °C atconstantaccumulationrateof 250kg m-zal. The

seasonalvariationin surfaceelevationis 20cm,but theseasonalvariationin the

heightof the initial surfacedecreasedquicklyas in isburiedbynew

accumulation.Theseasonalvariationin densityis about0.08,whichdecreases

with depth.

Figure6. Comparisonof modeledandobservedinterannualchangesof thesnowsurface

elevationbetween1992and 1999at Summitof Greenland.

Figure7. Modeledelevationchangecausedby observedtemperaturevariationswith

constantaccumulation(a) andcausedbyobserved/modeledaccumulation

variationswith a seasonalvariationin temperaturewithoutinterannualvariations.
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POPULAR SUMMARY

HJZ, August 16, 2001

Seasonal and Interannual Variations of Ice Sheet Surface Elevation at the Summit of

Greenland: Observed and Modeled

H. Jay Zwally and Li Jun

A new model of ice-sheet firn densification shows that there is a seasonal cycle in the rate of

densification that causes a seasonal cycle in the surface elevation. This seasonal cycle explains

the seasonal cycle observed in satellite radar altimeter data. Observed elevation variations are

derived from ERS-1 and ERS-2 radar altimeter data for the period between April 1992 and April

1999. The amplitude of the seasonal elevation cycle is 0.25 m peak-to-peak, with a maximum in

winter and a minimum in summer. Inter-annually, the elevation decreases to a minimum in

1995, followed by an increase to 1999, with an overall average increase of 4.2 cm a_ for 1992 to

1999. Our densification formulation uses an initial field-density profile, the AWS surface

temperature record, and a temperature-dependent constitutive relation for the densification that is

based on laboratory measurements of crystal growth rates. Summer temperatures are most

important, because of the strong non-linear dependence on temperature. Much of firn

densification and consequent surface lowering occurs within about three months of the summer

season, followed by a surface build-up from snow accumulation until spring. Modeled

interannual changes of the surface elevation are in good agreement with the altimeter

observations. In the model, the surface elevation decreases about 20 cm over the seven years due

to more compaction driven by increasing summer temperatures. The minimum elevation in

1995 is driven mainly by a temporary accumulation decrease and secondarily by warmer

temperatures. However, the overall elevation increase over the seven years is dominated by the

accumulation increase in the later years.


